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Carotenoid supplementation in the treatment of diseases associated with oxidative stress has been recently questioned because of the cell
damage and the increased risk of lung cancer in male smokers. Because of the complex role of neutrophils in lung diseases, we investigated
whether carotenoid derivatives could affect respiratory burst and apoptosis of human neutrophils purified from peripheral blood. Stimulation
of superoxide production was induced by nanomolar and micromolar concentrations of carotenoid cleavage products with aliphatic chains of
different length, but not by carotenoids lacking the carbonyl moiety. The stimulatory effect of carotenoid cleavage products was observed in
cells activated by phorbol myristate acetate (PMA), while a slight inhibition of superoxide production was noticed with cells activated by the
chemotactic tripeptide N-formyl-Met-Leu-Phe (f-MLP). At higher concentrations, carotenoid cleavage products inhibited superoxide
production in the presence of both PMA and f-MLP. In the presence of 20 AM carotenoid cleavage products, inhibition of superoxide
production was accompanied by DNA fragmentation and increased level of intracellular caspase-3 activity.D 2003 Elsevier B.V. All rights reserved.Keywords: Carotenoid; Neutrophil; Respiratory burst; Apoptosis; Oxidative stress; Cancer
1. Introduction possible reason for the procarcinogenic action of theseThe intake of h-carotene has been recommended, espe-
cially in the form of supplements, for prevention and
treatment of diseases associated with oxidative stress, such
as cancer, UV-mediated skin diseases, neurodegenerative
diseases, and cystic fibrosis [1–3]. However, clinical studies
indicate that supplementation of h-carotene and/or vitamin
A to male smokers having a high risk of lung cancer
increases incidence of the neoplasia [4–6]. Prooxidative
effect of h-carotene cleavage products has been discussed as0925-4439/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0925-4439(03)00109-1
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Many of the carotenoid breakdown products have been
identified as aldehydes [11]. In tissues with high activity of
h-carotene dioxygenase and high levels of the substrate, an
elevated formation of retinal is expected [12,13]. Heavy
oxidative stress (smoking, asbestos) and/or photoirradiation
in the skin and eyes may result in rapid nonenzymatic
oxidative cleavage of h-carotene [14]. The same should
be true for hypochlorite-mediated carotenoid cleavage in the
vicinity of activated polymorphonuclear leukocytes [10,15].
Neutrophilic leukocytes are short-lived cells that play a
complex role in smoking-associated and other lung diseases
[16]. Neutrophil-derived oxidants and proteases contribute
to host lung injury [17,18]. On the other hand, recruited
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and the number of lung metastatic foci and accelerate
pulmonary clearance of arrested cancer cells [19–21].
Senescent neutrophils rapidly die, exhibiting the character-
istic morphological changes indicative of programmed cell
death [22]. Neutrophils undergoing apoptosis lose functions
such as chemotaxis, phagocytosis, degranulation, and res-
piratory burst. We postulate that neutrophils at one side
contribute to the oxidative degradation of carotenoids and at
the other side they are themselves affected by the products
of such oxidative degradation.
Therefore, in this paper the effect of water-soluble
carotenoids and carotenoid breakdown products on neutro-
phil activation and apoptosis has been studied. We found
that most carotenoids already in the nanomolar and in the
micromolar concentration range enhance superoxide pro-
duction by activated cells, but inhibit superoxide production
and promote apoptosis at higher concentrations.2. Materials and methods
Water-soluble h-carotene and water-soluble lycopene
were kindly supplied by Cognis Australia Pty Limited
(Sydney, Australia). h-Carotene and lycopene were dis-
solved in a defined soy-bean carrier (Cognis Australia),
further called matrix, which is normally used as blank
control for cell experiments. The matrix is a dispersion of
soy-bean extract with glyceryl mono-oleate into the aqueous
phase of glycerol and water and gives a very finely dis-
persed water-soluble carotenoid. This makes it comparable
to carotenoids in lipoproteins as found in blood plasma.
Mixtures of cleavage products from h-carotene, retinal,
and h-ionone were obtained by mixing 0.04 mM methanolic
solutions of these compounds with 1 mM hypochlorous acid
at room temperature [15,23]. When the ‘‘bleaching’’ reac-
tion was finished, as indicated by a stable colour in the
reaction mixture, the cleavage products were extracted twice
in hexane. The hexane phases were combined and then
evaporated and dried with nitrogen. The residues were
redissolved in aliquots of hexane and adjusted to 1 mM or
0.5 mM stock solutions, which were stored at  80 jC until
used. In addition, a blank solution was prepared under
exactly the same conditions but without the cleavage prod-
ucts. 8-Apo-carotenal was kindly supplied by BASF Aktien-
gesellschaft (Ludwighafen, Germany).
Leukocytes were purified from heparinized human blood
freshly drawn from healthy donors. Leukocyte preparations
containing 90% to 98% neutrophils and apparently free of
contaminating erythrocytes were obtained by one-step pro-
cedure [24] involving centrifugation of blood samples
layered on Ficoll-Hypaque medium (Polymorphprep, Ax-
is-Shield, Oslo, Norway). The cells were suspended in
isotonic phosphate-buffered saline, pH 7.4, with 5 mM
glucose and stored on ice. Each preparation produced cells
with a viability higher than 90% up to 6 h after purification.The viability of the cells was measured by trypan blue
exclusion test. The incubations were carried out at 37 jC.
Superoxide production by NADPH oxidase was deter-
mined by measuring the rate of superoxide dismutase-
inhibitable reduction of cytochrome c at 550 nm by a
modification of the method described by Lehmeyer et al.
[25]. The incubation mixture contained 2 106 cells/ml, 80
AM cytochrome c, and 0.5 mM calcium chloride. Water-
soluble carotenoids and carotenoid cleavage products were
added. After 3 min of preincubation at 37 jC, the reaction
was started by adding 1 Ag/ml phorbol myristate acetate
(PMA) or 0.1 AM N-formyl-Met-Leu-Phe (f-MLP). The
controls contained, in addition, 20 Ag/ml superoxide dis-
mutase. Further controls were carried out with the
corresponding matrices for carotenoid preparations.
Steady-state velocity of superoxide production was estimat-
ed from the linear part of the reaction curve. The lag-time (if
present) was calculated from the intercept of the extrapolat-
ed linear part of the curve on the time axis.
Caspase-3 activity was tested in neutrophil lysates by
measuring the release of the fluorescent 7-amino-4-methyl-
coumarin (AMC) moiety from the synthetic substrate acetyl-
Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (AcDEVD-
AMC, Sigma, St. Louis, MO). Neutrophils (5 106 cells)
were collected by centrifugation and lysed in 0.5-ml volumes
of 50 mM HEPES, 5 mM 3-[3-(cholamidopropyl)dimethy-
lammonio]-1-proanesulfonate (CHAPS), 5 mMdithiothreitol
(DTT), pH 7.4. The reaction was started by adding 20-
Al aliquots of the lysates in 2-ml solutions containing 16
AM AcDEVD-AMC, 20 mM HEPES, 0.1% CHAPS, 5 mM
DTT, 2 mM EDTA, pH 7.4. The assay mixtures were
incubated at 20 jC in the dark for 1–1.5 h. The fluorescence
increase was compared with controls containing matrices for
the carotenoid preparations, the caspase inhibitor acetyl-Asp-
Glu-Val-Asp-al (10 AM) or standard preparations of recom-
binant caspase-3 (Sigma). A calibration curve obtained with
standard AMC solutions was employed for quantitative
analysis. The excitation and emission wavelengths of AMC
were 360 and 460 nm, respectively.
Fragmentation of neutrophil DNA was tested by agarose
gel electrophoresis. Neutrophils (5 106 cells) were incu-
bated for 20 min in 400 Al of ice-cold hypotonic buffer (10
mM Tris–HCl, 10 mM EDTA, 0.2% Triton X-100, pH 8.0).
After addition of 100-Al NaCl (5 M) and 500-Al isopropanol,
the samples were held at  20 jC for 60 min and, then,
centrifuged at 14,000 rpm for 10 min. The dried pellet was
resuspended in 30 Al of a buffer containing 90 mM Tris–
borate, 25 mM EDTA, pH 8.3. The fragments of DNAwere
separated by electrophoresis in 1% agarose gel and stained
with ethidium bromide.3. Results
The rate of superoxide formation by fresh preparations of
neutrophils in resting state was 56F 9 pmol/(min 106
Fig. 2. Effect of retinal and h-carotene cleavage products (Car CP) on the
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by adding f-MLP or PMA to the cells. Upon addition of 0.1
AM f-MLP, superoxide production increased rapidly to
1.5F 0.8 nmol/min 106 cells (n= 14), i.e. to 27-fold of
the superoxide formation during the resting state. If 1 Ag/ml
PMA was added in the suspension instead of f-MLP, cell
response was delayed and the rate of superoxide production
approached a steady-state value of 8F 2 nmol/min 106
cells after a lag phase of 3.6F 0.9 min (n= 49), i.e. to 140-
fold of the superoxide production during the resting state.
Low concentrations (1 AM) of carotenoid cleavage prod-
ucts (h-carotene cleavage products, retinal, retinal cleavage
products, h-ionone, h-ionone cleavage products) increased
the steady-state level of superoxide formation by PMA-
stimulated neutrophils up to 125%, while slight inhibition of
superoxide production was noticed in presence of f-MLP-
triggered cells (Fig. 1). In parallel to this effect, in the
presence of 0.04–2 AM retinal or 0.04–40 AM h-carotene
cleavage products, we observed a reduction of the lag phase
of cell response, which followed PMA stimulation (Fig. 2).
The lag phase was reduced from 3.5 to 3.2 min in the case of
retinal addition, but from 3.6 to 2.5 min in the case of h-
carotene cleavage products-mixture, i.e. by 10% or by 30%.
Inhibition of superoxide production by PMA-stimulated
cells was observed only at concentrations of retinal and h-
carotene cleavage products higher than 20 AM (Fig. 3). At
all the concentrations tested (ranging from 10 nM to 0.1
mM), retinal and h-carotene cleavage products did not
increase superoxide formation by unstimulated neutrophils,
whereas at concentrations higher than 5 AM we observed a
reduction of the already very low basal level of superoxide
formation (data not shown). The water-soluble precursorFig. 1. Effect of carotenoid cleavage products on superoxide production by
purified human neutrophils. The cells were preincubated at 37 jC for 3 min
in the presence of 1 AM of different compounds (h-carotene cleavage
products: Car CP; retinal cleavage products: Ret CP; h-ionone cleavage
products: Ion CP; retinal; h-ionone) and then activated by addition of 0.1
AM N-formyl-Met-Leu-Phe (open bars) or 1 Ag/ml phorbol myristate
acetate (closed bars). NADPH oxidase activity was measured as reported in
the text. Values are give as meanF S.D. (n= 4).
onset time of the respiratory burst triggered by phorbol myristate acetate.
The lag time was calculated from the time-axis intercept of the linear part of
the superoxide progress curve. Values are given as meanF S.D. (n= 6).
Other conditions were as reported in Fig. 1.compounds h-carotene and lycopene did not activate super-
oxide formation by PMA-triggered cells, while a strong
inhibition of superoxide formation was observed at concen-
trations higher than 10 AM (Fig. 4).
Chromatin fragmentation was examined as a qualitative
marker for neutrophil apoptosis. As shown in Fig. 5, if
unstimulated neutrophils were preincubated for 3.5 h at 37
jC in isotonic buffered saline, gel electrophoresis demon-
strated a slightly increased amount of low-molecular-weight
DNA. In the presence of 20 AM h-carotene, retinal, h-
carotene cleavage products, h-ionone or h-apo-8V-carote-
nal, neutrophils exhibited low-molecular-weight DNA in
larger quantities, which were electrophoresed in a dense
ladder pattern. Similar results were obtained by preincubat-
ing neutrophils in the presence of 0.5 mM cycloheximide.
Chromatin fragmentation in the presence of 20 AM lyco-
pene was not studied because this compound interfered
with the extraction procedure that we employed to purify
neutrophil DNA.
Fig. 3. Effect of retinal and h-carotene cleavage products (Car CP) on the
steady-state velocity of superoxide production triggered by phorbol
myristate acetate. Values are given as meanF S.D. (n= 6). Other conditions
were as reported in Fig. 1.
Fig. 4. Effect of h-carotene (n) and lycopene (.) dissolved in a defined
soy-bean carrier on the steady-state velocity of superoxide production
triggered by phorbol myristate acetate. Values are given as meanF S.D.
(n= 5). Other conditions were as reported in Fig. 1.
Fig. 5. Chromatin fragmentation in human neutrophils exposed to
carotenoid cleavage products and cycloheximide. Agarose gel electro-
phoresis patterns observed with molecular size markers (line 9), neutrophils
incubated at 37 jC for 3.5 h in the presence of 0.5 mM cycloheximide (line
1), 20 AM h-carotene (line 2), 20 AM h-carotene cleavage products (line 3),
20 AM retinal (line 4), 20 AM h-apo-8V-carotenal (line 5), 20 AM h-ionone
(line 6) and the corresponding matrix (line 7), neutrophils incubated at 0 jC
for 3.5 h in absence of effectors (line 8). Other experimental conditions are
reported in the text.
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measuring caspase-3 level in cell lysates. If unstimulated
neutrophils were preincubated with 5–20 AM retinal or h-
carotene cleavage products for 1–3.5 h at 37 jC in
phosphate buffered saline, significant increase of caspase-
3 level in cell lysates was observed, as compared to control
experiments performed in absence of carotenoid breakdown
products (Figs. 6, 7). h-Ionone and h-apo-8V-carotenal, up
to 20 AM, exerted smaller effect (if any) on the intracellular
caspase-3 level. A remarkable increase of intracellular
caspase-3 activity was obtained by preincubating neutro-Fig. 6. Intracellular caspase-3 activation by carotenoid cleavage products
and cycloheximide. Unstimulated neutrophils were suspended in absence
and presence of 20 AM carotenoid cleavage products (retinal; h-carotene
cleavage products: Car CP; h-apo-8V-carotenal) and/or 0.5 mM cyclo-
heximide. Cell suspensions were incubated at 37 jC for 1 h (open bars) or
3.5 h (closed bars). Intracellular caspase-3 activity was determined as
described in the text. Values are given as meanF S.D. (n= 4).
Fig. 7. Intracellular caspase-3 activity as a function of carotenoid cleavage
products concentration in the cell suspending medium. Unstimulated
neutrophils were incubated at 37 jC for 3.5 h in the absence and presence
of retinal (.), h-carotene cleavage products (n), h-ionone (x) and h-apo-
8V-carotenal (E). Other conditions were as reported in Fig. 6. Values are
given as meanF S.D. (n= 4).
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When 20 AM retinal, h-carotene cleavage products, h-
ionone or h-apo-8V-carotenal were added to 0.5 mM cyclo-
heximide in the incubation mixture, we did not observe
further increase of caspase-3 activity in neutrophil lysate.
Control experiments (not shown) indicated that carotenoid
cleavage products, at the concentrations present in the
mixtures for assaying intracellular caspase-3, did not alter
the activity of recombinant caspase-3. By contrast, we
observed that recombinant caspase-3 was significantly
inhibited by h-carotene and lycopene in the 0.1–0.4 AM
concentration range.4. Discussion
Stimulation of superoxide production is induced by carot-
enoid breakdown products with aliphatic chains of different
length (retinal, h-ionone, carotenoid cleavage products), but
not by the precursor carotenoids lacking of the carbonyl
moiety (h-carotene or lycopene). The stimulatory effect of
carotenoids is observed in cells activated by PMA. The
decrease in lag phase, which we observed by studying the
onset time of the respiratory burst, might be attributed to
metabolic changes that are triggered by carotenoid cleavage
products in neutrophils. The results are consistent with
previous findings showing that suboptimal doses of retinal
induced minimal O2
 release but primed guinea pig macro-
phages to release enhanced amounts of superoxide in re-
sponse to arachidonate stimulation [26]. Indeed, it has been
suggested [26,27] that retinal stimulates phospholipase C
activity and promotes redistribution of protein kinase C from
a soluble to a particulate neutrophil fraction perhaps by a
mechanism unrelated with PMA function [28]. In disagree-
ment with previous works [27,29] we did not observe anyactivation of NADPH-oxidase activity by adding retinal or h-
carotene cleavage products alone. The discrepancy could be
attributed, at least in part, to the fact that we employed
unstimulated human neutrophils from peripheral blood, while
previous works [26,27,29] were performed by using phag-
ocytes recruited in guinea pig peritoneal exudate by injecting
colloidal caseinate suspensions that might modify the resting
state of the cells.
Inhibition of superoxide production by human neutro-
phils is detectable at carotenoid concentrations slightly
higher than those required to stimulate superoxide produc-
tion by PMA-activated cells. If the chemotactic tripeptide f-
MLP is used instead of PMA to trigger neutrophil response,
a small inhibition of superoxide production is observed
even in the presence of micromolar concentrations of
carotenoids, i.e. in the concentration range that has been
employed to enhance superoxide production in the presence
of PMA. Carotenoid oxidation products and derivatives
lacking of the carbonyl moiety exert similar inhibitory
effects. Carotenoids are already known to inhibit neutrophil
respiratory burst. In fact, it has been reported that high
amount of retinal blocks both superoxide release [30–32]
and phosphorylation of the 47-kDa component of NADPH-
oxidase [33] in intact neutrophils stimulated with PMA and
in various fractions derived from neutrophils [33,34].
Carotenoids inhibit protein kinase C from various sources
[35,36] and have been used extensively as an inhibitor of
this enzyme in neutrophils [30–32,34]. Moreover, caroten-
oid inhibition of superoxide release from human neutro-
phils might be due, at least in part, to the carotenoid ability
to scavenge superoxide anion. Indeed, it has been reported
[37] that the UV absorption of carotenoids is diminished
during the stimulation of macrophages by PMA and that
carotenoids react with superoxide anion generated by
xanthine and xanthine oxidase in cell-free systems. Further
evidence for the scavenger effect of carotenoids comes
from the observation that millimolar concentrations of h-
carotene prevent lymphocyte DNA damage induced by
PMA-stimulated monocytes [38].
Neutrophil apoptosis may be another reason for the
diminished superoxide production in the presence of car-
otenoids. We found that chromatin fragmentation in neu-
trophils can be induced by 20 AM carotenoid breakdown
products as well as by cycloheximide, a drug that is well
known to induce cell apoptosis [39]. However, when we
tested intracellular caspase-3 activity as a marker of apo-
ptosis [40], the effect exerted by carotenoid breakdown
products was weaker than that produced by cycloheximide.
Our results are in line with those recently reported [41],
indicating that carotenoids induce apoptosis in T-lympho-
blast cell line in a time- and concentration-dependent
manner with the lowest effective concentration of about 3
AM. T-lymphoblast apoptosis was clearly evident in the
presence of 20 AM carotenoids and after 24-h incubation; h-
carotene and its cleavage products were more cytotoxic than
lycopene.
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comparable with those present in human tissues. Schmitz
et al. [42] reported that total carotenoid concentration in
adult subjects is 2.5–77.1 nmol/g liver (mean 21.0 nmol/g
tissue), 0.2–12.7 nmol/g kidney (mean 3.1 nmol/g tissue),
and 0.1–8.4 nmol/g lung tissue (mean 1.9 nmol/g tissue),
while it is lower in tissues of children. Plasma concentration
of h-carotene is highly variable and depends on the bio-
availability of this compound in food [43]. Supplementation
with h-carotene produces a persistent 9- to 10-fold increase
in median plasma concentration of h-carotene (225 nM at
baseline to 2255 nM after 3 months), but it is practically
ineffective towards the plasma levels of retinol, a-tocoph-
erol and lycopene [44]. h-Carotene levels in patient’s serum
were 3 AM after the intake of 24 mg h-carotene per day in
an observation of Stahl et al. [46], 4 AM in the CARET
study [5], and even 6 AM in the patients of the ATBC study
[4]. High concentrations of carotenoid cleavage products are
present very likely in situations of heavy oxidative stress
(smoking, inflammation) and in photoirradiated skin after
local application [10,45].
Needless to say, our model is quite simplistic compared
with the in vivo situation, where neutrophils are responding
to an environment containing cytokines, lipid mediators,
bacterial products, and other stimuli. Moreover, there may
be important differences in the regulation of cell response
and apoptosis between peripheral blood neutrophils and
extravasated neutrophils, since neutrophil adhesion and the
action of local inflammatory mediators are generally be-
lieved to modulate neutrophil reactivity and to increase
neutrophil life-span by delaying constitutive apoptosis
[47]. Nevertheless, it is conceivable that modulation of
neutrophil function by carotenoids and especially carotenoid
cleavage products (if present in vivo) may play a critical role
because of the opposite effects that we observed by varying
carotenoids concentration in a restricted range. Regulation
of superoxide production by relatively low concentrations of
carotenoids may contribute to optimise neutrophil response
in inflammatory processes. On the other hand, because
neutrophil apoptosis is a critical step in the resolution of
inflammation, premature activation of neutrophil apoptosis
by highly concentrated carotenoid cleavage products may
greatly increase the potential risk for host tissue injury by
toxic agents.References
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